Introduction {#s1}
============

In physiological conditions heme is compartmentalized inside the cells and serves as an indispensable cofactor for aerobic life, by its interaction with conventional heme-binding proteins, such as hemoglobin, myoglobin and cytochromes. Nevertheless, it becomes a danger associated molecular pattern, when released in the circulation or in tissues during intravascular hemolysis \[red blood cells (RBC) lysis during sickle cell disease (SCD), hemolytic uremic syndrome (HUS), malaria, transfusion reactions, etc.\] or rhabdomyolysis (crush syndrome, muscle damage as in car accidents, natural cataclysms, or military trauma) ([@B1]). Heme triggers inflammation by activating immune and endothelial cells (EC) or plasma systems, such as the complement cascade, coagulation, or inducing antibody polyreactivity ([@B2]--[@B4]). In physiological conditions excess of cell-free heme is scavenged by its natural binding protein hemopexin (Hpx).

Hpx is a liver-produced plasma glycoprotein (0.5--1.15 g/l) of 60 kDa. Hpx binds free heme with a very high affinity (Kd \<10^−13^ M) ([@B5], [@B6]), which makes it virtually irreversible. The heme:Hpx complex binds to CD91/LRP1 and is endocytosed ([@B7]). Part of Hpx may be recycled, but the majority is degraded, creating acquired Hpx deficiency in case of massive hemolysis ([@B6]). Hpx-knockout mice presented severe renal injury upon phenylhydrazine (PHZ triggered hemolysis), contrary to the WT mice ([@B8]). Moreover, Hpx deficiency promoted acute kidney injury in sickle mice under hemolytic stress, which was blocked by pre-treatment with purified Hpx ([@B9]). Injection of heme in SCD mice induce stasis ([@B10], [@B11]), cardiovascular injury and cardiomyocytes alteration ([@B12]--[@B14]), all of which have been prevented by pre-treatment with Hpx. Heme-carrying erythrocyte microparticles from SCD patients, injected in a SCD mice, induced kidney vaso-occlusion and endothelium injury, which was also prevented by Hpx administration ([@B15], [@B16]). Hpx also prevents the activation of the pro-inflammatory complement system in the kidneys of hemolytic mice (PHZ model) and *in vitro*, in serum and on endothelial cells. Moreover, it prevented the complement deposition on endothelial cells, incubated with serum from SCD patients ([@B17]). This complement activation plays a key role in the organ injury in SCD and in hemolytic mice, since C3 deficiency or complement blockade alleviate the vaso-occlusion and the kidney and liver damage, respectively ([@B18], [@B19]).

Taken together, these examples demonstrate that replenishing the Hpx pool is a potential promising therapeutic strategy to avoid the heme-mediated toxicity. In order to be tested as a therapeutic agent in pre-clinical models, the pharmacokinetic, and the active concentrations of Hpx have to be evaluated in the context of an intravascular hemolysis. Here we demonstrate that the pharmacokinetic properties of Hpx in the hemolytic mice were affected by the target-mediated drug disposition phenomenon. The dose of 100 mg/kg is well tolerated and sufficient to prevent the hemolysis-induced complement activation.

Method {#s2}
======

Animal Experimentation
----------------------

Experimental protocols were approved by Charles Darwin ethical committee (Paris, France) and of French Ministry of Agriculture (Paris, France) number \#3764 201601121739330 v3. All experiments were conducted in accordance with the recommendations for the care and use laboratory animal.

A first experiment was performed to determine the pharmacokinetic properties of Hpx in hemolytic mice ([Figure 1A](#F1){ref-type="fig"}). Three groups of mice were injected in i.v. with 100 mg/kg of human plasma derived Hpx (CSL Behring) and three other groups with 500 mg/kg of Hpx. An i.p. PHZ injection (0.125 mg/g body weight) was performed immediately after Hpx administration. The mice from each Group 1 were bled at 15 min, 1 and 6 h. They were sacrificed at 6 h. Each Group 2 was bled at 30 min, 10 and 24 h and sacrificed at 24 h. Each Group 3 was bled at 3, 48, and 72 h followed by a sacrifice at 72 h. The bleeding schema is given in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}.

![The pharmacokinetic of hemopexin in hemolytic mice is affected by target-mediated drug disposition phenomenon. **(A)** Protocol to study pharmacokinetic of Hpx. Three groups of mice were injected with PHZ and Hpx and bled as follows: Group 1 (15 min, 1 and 6 h), Group 2 (30 min, 10 and 24 h), and Group 3 (3, 48, and 72 h). **(B,C)** *In vivo* Hpx exposure in presence and absence of induced hemolysis. **(B)** Mean ± SD plasma concentration vs. time plotted for human hemopexin administered to mice (100 mg/kg i.v.; *n* = 3/timepoint). In presence of PHZ (0.125 mg/g weight, blue circles) or control (PBS, gray circles). Pharmacokinetic parameter estimates are shown in [Table 1](#T1){ref-type="table"}. **(C)** Mean ± SD plasma concentration vs. time plotted for human hemopexin administered to mice (500 mg/kg; *n* = 3/timepoint). In presence of PHZ (0.125 mg/g weight, blue circles) or control (PBS, gray circles). Pharmacokinetic parameter estimates are shown in [Table 1](#T1){ref-type="table"}.](fimmu-11-01684-g0001){#F1}

A second experiment aimed to evaluate the complement inhibition capacity of Hpx and its impact on complement activation and renal function. Three groups of 8-week-old C56BL/6 male mice (*n* = 10) were pretreated with human Hpx (CSL Behring) in i.v. with 100 or 500 mg/kg or equivalent volume of PBS (0 mg/kg) immediately before i.p. PHZ injection (0.125 mg/g body weight) ([Figure 2A](#F2){ref-type="fig"}). A control group of 8 mice received two injections of PBS, corresponding to the volume of Hpx and PHZ. All mice were sacrificed by cervical dislocation, 6 or 72 h after Hpx administration. Whole blood was collected 3 days before experimentation and at day 1 into microtubes filled with 2 μL of heparin (Heparine Choay® 5000 ui/ L Sanofi) by venipuncture in the cheek. Microtubes were centrifuged at 604 g for 10 min at room temperature to separate plasma. Kidneys were harvested for immunofluorescence (IF) and gene expression analyses. Plasma and organs were directly frozen in liquid nitrogen and stored at −80°C.

![Heme scavenging upon PHZ induced hemolysis by hemopexin. **(A)** Mean total heme plasma concentration at 6 h, **(B)** mean cell free hemoglobin at 6 h and **(C)** hemopexin:heme complexes at 6 h, and **(D)** 72 h shown for each group \[(1) PBS; *n* = 7, (2) PHZ, (3) PHZ + 100 mg/kg, and (4) PHZ + 500 mg/kg; *n* = 10\]. Box and whiskers plots represent means ± Min to Max. \*\*\*\**p* \< 0.0001, \*\**p* \< 0.01, and \**p* \< 0.05 comparisons to PBS treated, Two-way ANOVA Kruskal Wallis test, ns, not significant.](fimmu-11-01684-g0002){#F2}

Quantification of Human Hpx in Animal Plasma by LC/MS
-----------------------------------------------------

Ten microliters of plasma sample were placed into a clean Eppendorf tube followed by the addition of 80 μL MeOH to precipitate the protein. The methanol was removed after centrifugation and the pellet was air-dried and afterwards re-suspended in 50 mM NH~4~HCO~3~/0.16% ProteaseMAX containing a heavy-isotope labeled peptide, which is specific for human Hpx and is used as internal standard. After incubation at 56°C/550 rpm for 45 min the samples were reduced by adding 0.5 M DTT (56°C/550 rpm for 20 min). The samples were then alkylated by addition of 0.5 M IAA and incubation for 20 min at RT protected from light. Tryptic digestion was carried out at 37°C/550 rpm and stopped after 3 h by addition of formic acid. After centrifugation the samples were separated immediately on a C18 column (AdvanceBio Peptide Mapping, 2.1 × 150 mm). The measurements were conducted using an Agilent 1290 Infinity II -- 6550 iFunnel QTOF LC-MS system.

Data was analyzed by calculating the peak area of the analyte and the internal standard using Agilent MassHunter Quant software. A standard curve was created in Agilent MassHunter Quant by plotting the average response ratio of analyte to internal standard against concentration for each standard sample. The analyte concentration in the plasma samples was backcalculated using the standard curve equation.

Preparation of Heme
-------------------

Hemin (Frontier Scientific) was dissolved in 10 mL NaOH (100 mmol/L) at 37°C. The pH of the solution was adjusted to pH 7.8 using phosphoric acid. The solution was sterile-filtered (0.22 μm) and used immediately.

Total Heme in Mouse Plasma
--------------------------

Total plasma heme concentration in mouse plasma was determined according manufacturer\'s protocols using the QuantiChrom^TM^ Heme Assay Kit (BioAssay Systems). Briefly, 50 μL of sample (diluted in water 1:2) was placed into a 96-well plate. Assay reagent (200 μl per well) was added and incubated for 5 min at room temperature. Absorbance at λ~400~ nm was measured using a microplate reader (Synergy BioTek). Heme concentration was determined by comparison to a hemin standard curve (hemin preparation see above).

Detection of Heme:Hpx Complexes in Mouse Plasma
-----------------------------------------------

Fifty microliters of plasma sample were placed into a clean Eppendorf tube followed by the addition of 150 μL Buffer A (Multiple Affinity Removal Systems, Agilent). In a first chromatography step high abundant mouse proteins were depleted and carried out according to the manufacturer\'s protocol on an Ultimate 3000SD HPLC attached to two LPG-3400SD quaternary pumps and a photodiode array detector (DAD) (ThermoFisher). Briefly, the diluted plasma sample was injected onto a multi affinity removal column depleting mouse albumin, IgG, and Transferrin (Mouse-3, 4.6 × 50 mm, Agilent) and separated with Buffer A (Multiple Affinity Removal Systems, Agilent) as the mobile phase at a flow rate of 0.25 mL/min. Depleted plasma was collected into a fresh HPLC vial and re-injected and separated on a Diol-300 (3 μm, 300 × 8.0 mm) column (YMC Co., Ltd.) with PBS, pH 7.4 (Bichsel) as the mobile phase at a flow rate of 1 mL/min. For all samples two wavelengths were recorded (λ = 280 nm and λ = 414 nm). The amount of Heme:Hpx complexes was determined by calculating the peak area of the complex (9 min retention time). Values from depleted plasma samples were interpolated by generating a standard curve based on peak area and plotted against the concentrations.

Plasma Hb Measurements
----------------------

Hp-bound and unbound fractions of Hb (cell free Hb) were determined by SEC--high-performance liquid chromatography (SEC-HPLC) using an Ultimate 3000SD HPLC attached to a LPG-3400SD quaternary pump and a photodiode array detector (DAD) (ThermoFisher). Plasma samples and Hb standards were separated on a Diol-120 (3 μm, 300 × 8.0 mm) column (YMC Co., Ltd.) with PBS, pH 7.4 (Bichsel) as the mobile phase at a flow rate of 1 mL/min. For all samples two wavelengths were recorded (λ = 280 nm and λ = 414 nm). Bound and unbound Hb in plasma was determined by calculating the peak area of both peaks (6 min retention time for Hb:Hp, 8 min retention time for cell free Hb). Values from plasma samples were interpolated by generating a standard curve based on peak area and plotted against the concentrations.

Pharmacokinetic (PK) Analysis
-----------------------------

Four groups were evaluated: (I) PBS + Hpx (100 mg/kg i.v.), (II) PHZ + Hpx (100 mg/kg i.v.), (III) PBS + Hpx (500 mg/kg i.v.), and PHZ + Hpx (500 mg/kg i.v.) (group size *n* = 3/timepoint).

Hpx PK in PBS vs. PHZ treated mice were conducted via non-compartmental analysis (NCA) using Phoenix WinNonlin version 7.4 (Certara, St. Louis, MO, USA). Linear up-log down method was used for area under the concentration curve (AUC) calculation. Besides directly observed maximum concentration (C~max~) and AUC~0−72h~, other derived PK parameters including area under the concentration curve till infinity (AUC~inf~), clearance (CL), volume at steady state (Vss), and half-life (T1/2) were reported.

Evaluation of the Kidney and Liver Function
-------------------------------------------

Kidney function was evaluated by blood urea nitrogen (urea) and creatinine, measured by a colorimetric analysis using Konelab Clinical Chemistry Analyzers in the Renal Function Exploration platform of the Cordeliers Research Center. ALT was measured using Olympus AU400 multiparameter equipment on the biochemistry platform in Hospital Bichat (Centre Recherche sur l\'Inflammation-Paris).

Immunofluorescence
------------------

Six micrometer thick frozen kidney sections were cut with Cryostat at −20°C (Leica AS-LMD, Leica Biosystem) and fixed in acetone on ice for 10 min. The primary antibody was C3b/iC3b (rat anti-mouse, Hycult biotech, HM1065, 1 μg/ml) and CD31 (rat anti-mouse, Abcam Ab7388, 2 μg/mL). Staining was revealed by Donkey anti-rabbit AF647 (Thermoscientific, A21447, 5 μg/mL) and chicken anti-rat AF488 (Thermoscientific, A21470, 5 μg/mL). Slides were scanned by Axio Scan™ Z1 (Zeiss, Oberkochen, Germany). Images were analyzed using Zen lite software (Zeiss). C3 and CD31 staining were quantified using HALO® (Indica Labs) software.

Gene Expression Analysis
------------------------

Frozen kidneys were sectioned at 30 μm with Cryostat at −20°C (Leica AS-LMD, Leica Biosystem). Twenty sections were recovered and homogenized in the tubes with 200 μL of 1-Thioglycerol/Homogenization Solution (Maxwell® 16 LEV simplyRNA Tissue Kit Promega AS1280). The quality and quantity of mRNA were evaluated with the Agilent 2100 bioanalyzer using the Agilent TNA 6000 NanoKit, followed by retro-transcription to cDNA. All RNA Integrity Numbers superior to 7 were retained for reverse transcription in cDNA. Gene markers of early kidney injury \[LCN2 (Lcn2-Mm01324470_m1)\], and for cytoprotection \[HO-1 (Hmox1-Mm00516005_m1)\] was analyzed with SDS 2.1® software (ThermoFisher), after normalization on actin (Actb_Mm02613580_g1) housekeeping gene expression. The gene expression for the PHZ-treated mice was expressed as fold change compared to the gene expression from the pool of the PBS treated mice.

Detection of C3 Cleavage in the Plasma of Mice by Western Blot (WB)
-------------------------------------------------------------------

Plasma was diluted 1/100 in H~2~O. Two volumes of this sample were mixed with one volume of NuPAGE® LDS sample buffer (4X) (Thermofisher) containing reducing agent (DTT 0.33 M) and then denatured at 90°C for 10 min. Proteins were separated in NuPAGE 10% Bis-Tris gel (Thermofisher). The proteins were transferred onto a nitrocellulose membrane using iBlot (Invitrogen). The membranes were incubated overnight with primary antibody (Goat IgG fraction anti-mouse complement C3, MP BIOMEDICALS, \#55463), followed by a secondary antibody (rabbit anti-goat HRP, Thermofisher, \#31402). Revelation was done by chemiluminescence using a substrate for HRP (SuperSignal® WestDuraLuminol Thermofisher, \#1856145), detected by iBright Western Blot Imaging System (iBright FL1500 Thermofisher).

Statistics
----------

Analyses were performed with GraphPad Prism 8.0. Comparisons of multiple treatment groups were made using one-way analysis of variance (ANOVA) (Dunnett\'s multiple comparisons test) or Two-way ANOVA Kruskal Wallis test, as indicated in the figure legends. Statistical significance was defined as *p* \< 0.05.

Results {#s3}
=======

Pharmacokinetics of Human Hpx in Mice in Presence of Induced Hemolysis
----------------------------------------------------------------------

To characterize potential differences in the pharmacokinetics (PK) and the exposure time of Hpx in a mouse model of intravascular hemolysis, induced by phenylhydrazine (PHZ; 0.125 mg/g) two different Hpx doses were administered by bolus intravenous administration through the tail vein ([Figure 1A](#F1){ref-type="fig"}). That allowed the investigation of the PK profile in presence and absence of circulating plasma heme. Blood sampling was performed to cover the range of plasma concentrations from Cmax and to monitor clearance over 72 h in plasma. [Figure 1B](#F1){ref-type="fig"} shows the mean ± SD of human Hpx analyzed at the given timepoint. Pharmacokinetic parameter estimates for human Hpx in absence and presence of hemolysis were calculated via non-compartmental analysis (NCA) and are summarized in [Table 1](#T1){ref-type="table"}. Upon injection of a lower Hpx dose (100 mg/kg), clearance seemed to be facilitated in presence of circulating plasma heme demonstrated by the decreased half-life (T1/2) of 13.6 h compared to 49.2 h under non-hemolytic conditions. Similar finding, although less pronounced, was observed upon injection of a high Hpx dose (500 mg/kg) with determined half-life of 19.1 h under hemolytic conditions and 41.4 h in absence of plasma heme. Hpx clearance at 100 mg/kg was around 4-fold higher and 2-fold higher at 500 mg/kg in PHZ treated groups compared to PBS groups ([Figure 1C](#F1){ref-type="fig"}).

###### 

Pharmacokinetic parameters of human Hpx in mice (± induced hemolysis).

  ----------------------------------------------------------------------------------------------------------------------------------------
  **Group**   **Dose**\     **CL**\         **Vss**\      **C**~**max**~\   **T**~**1/2**~\   **AUC**~**0--72\ h**~\   **AUC**~**inf**~\
              **(mg/kg)**   **(mL/h/kg)**   **(mL/kg)**   **(mg/mL)**       **(h)**           **(h\*mg/mL)**           **(h\*mg/mL)**
  ----------- ------------- --------------- ------------- ----------------- ----------------- ------------------------ -------------------
  PBS + Hpx   100           2.11            140           1.62              49.2              31.4                     47.3

  PHZ + Hpx   100           8.13            78.7          1.52              13.6              12.2                     12.3

  PBS + Hpx   500           2.79            154           7.35              41.4              128                      179

  PHZ + Hpx   500           4.30            107           7.63              19.1              109                      116
  ----------------------------------------------------------------------------------------------------------------------------------------

*CL, clearance; Vss, volume at steady state; C, concentration; AUC, area under the curve*.

The difference of Hpx pharmacokinetic profiles at the 100 mg/Kg dose, between the PHZ mice pre-treated vs. the non-PHZ pre-treated mice, demonstrated that the Heme:Hpx complexes distribution and elimination were strongly influenced by the complexes affinity to their receptors. This phenomenon was observed as well in the groups of mice treated with a 500 mg/Kg dose of Hpx. However, the difference of Hpx clearance between the non-hemolytic and the PHZ induced hemolytic condition was less important for the 500 vs. the 100 mg/kg Hpx treated mice. This results in a non-linear elimination phase of Hpx in the hemolytic condition, while Hpx terminal elimination phase appears to be linear in the non-hemolytic mice. This demonstrates that in presence of accessible heme in the blood compartment, Hpx pharmacokinetic profile is strongly influence by its affinity to its receptors which is characteristic of a target-mediated drug disposition (TMDD) phenomenon.

PHZ Induced Hemolysis Increases Total Plasma Heme, Which Is Scavenged by Hpx
----------------------------------------------------------------------------

In a next study we characterized the different heme binding proteins, especially the presence of Heme:Hpx complexes upon PHZ induced hemolysis. In a similar experimental setup as before, we performed an intravenous injection of human Hpx at two different doses (100 and 500 mg/kg) followed by administration of phenylhydrazine (PHZ; 0.125 mg/g) to induce intravascular hemolysis. Mice were sacrificed at 6 or 72 h after infusion. All mice in the PBS and PHZ-injected group survived (as usual). In the Hpx-injected groups, all mice survived but the dose of 100 mg/kg seems to be well-tolerated at the background of PHZ injection, contrary to 500 mg/kg, for which some mice showed adverse effects. At 6 h 2/10 mice of the 500 mg/kg + PHZ showed weakness, their body temperature was decreased as sensed by the manipulator in comparison to the other mice and had paler paws, nose and ears. At 72 h 2/10 mice showed moderate neurological symptoms (abnormal movement), decreased body temperature and paler paws, nose and ears.

The plasma was analyzed for the presence of total plasma heme, cell free hemoglobin, and Hpx heme complexes. As expected and previously shown ([@B20]), total plasma heme increased significantly upon PHZ induced hemolysis assessed after 6 h in all groups in a similar fashion compared to the control group ([Figure 2A](#F2){ref-type="fig"}). In addition, we could demonstrate a significant increase of cell-free Hb, but only in absence of human Hpx ([Figure 2B](#F2){ref-type="fig"}). Dose dependent lower levels of cell free hemoglobin with concurrent dose dependent increase of complexes Hpx (Hpx:heme) at 6 h, as shown in [Figure 2C](#F2){ref-type="fig"}, demonstrates that Hpx scavenges heme from oxidized hemoglobin (metHb). In alignment with the pharmacokinetic behavior of human Hpx in presence of intravascular hemolysis almost no Heme:Hpx complexes were detected after 72 h of infusion ([Figure 2D](#F2){ref-type="fig"}).

Hpx Partially Prevents Renal Suffering
--------------------------------------

The kidney function was evaluated at 6 and 72 h after induction of hemolysis, in presence or absence of Hpx ([Figure 3A](#F3){ref-type="fig"}). We detected signs of kidney injury in PHZ-treated mice by measuring plasma urea and creatinine levels at 6 h, which were significantly decreased in mice pretreated with Hpx ([Figures 3B,C](#F3){ref-type="fig"}). Further, we studied hypoxic cellular stress response protein Lcn2 (NGAL), a sensitive marker for acute kidney injury. The expression of NGAL in PHZ-treated mice increased compared to PBS controls, but remained unchanged after injection of Hpx ([Figure 4A](#F4){ref-type="fig"}). The upregulation of the cytoprotective enzyme HO-1 by the hemolytic event was also unaffected by the Hpx injection, since injection of Hpx at 100 or 500 mg/kg did not modify expression of HO-1 in PHZ-treated mice ([Figure 4B](#F4){ref-type="fig"}). At 72 h NGAL and HO-1 were still elevated, without effect of the treatment ([Figures 4C,D](#F4){ref-type="fig"}), while urea and creatinine were back to normal (not shown).

![Hemopexin prevents hemolysis-induced complement activation. **(A)** Protocol of mice with or without pretreatment to Hpx in PHZ-treated mice and control **(B)** urea and **(C)** creatinine concentrations in blood 6 h after pretreatment with Hpx or PBS of the PHZ-treated mice, compared to control mice without PHZ treatment measured by KONELAB equipment. **(D)** C3b/iC3b (green) deposition in kidney after 6 h treatment with Hpx to 100 and 500 mg/kg in kidney section **(E)** quantification of C3b/iC3b staining in glomeruli after 6 h treatment with Hpx C3 and CD31 staining were quantified using HALO® (Indica Labs) software. **(F)** Western blot analysis of C3 cleavage in plasma from mice treated with PHZ, PHZ + Hpx 100 and 500 mg/kg and PBS only. Statistical analyses: \**p* \< 0.05, \*\**p* \< 0.005, and \*\*\**p* \< 0.001, Two-way ANOVA Kruskal Wallis test.](fimmu-11-01684-g0003){#F3}

![Impact of hemopexin pre-treatment on the kidney parameters (6 and 72 h). Kidney mRNA expression of tubular aggression markers **(A)** LCN2 (NGAL) and **(B)** cytoprotective markers HO-1 statistical analyst 6 h after treatment with Hpx and after 72 h **(C)** LCN2 (NGAL) and **(D)** HO-1. **(E)** ALAT levels in blood 6 h after pretreatment with Hpx on PHZ-treated mice and control. Statistical analyses: \**p* \< 0.05, \*\*\*\**p* \< 0.0001, Two-way ANOVA Kruskal Wallis test. ns, non significant.](fimmu-11-01684-g0004){#F4}

No liver injury was detected at the selected time points, since ALAT remained at basal level in presence and in absence of PHZ and Hpx at 6 h ([Figure 4E](#F4){ref-type="fig"}) and at 72 h (not shown).

Hpx Inhibits the Deposits of C3b/iC3b in the Kidneys of Mice With Intravascular Hemolysis
-----------------------------------------------------------------------------------------

Since intravascular hemolysis was already evident 6 h after injection of PHZ, we evaluated complement deposits at 6 h in presence and absence of Hpx. We detected a significant increase in C3b/iC3b staining in renal glomeruli within 6 h after inducing intravascular hemolysis with PHZ, which was attenuated by 100 and 500 mg/kg of Hpx ([Figures 3D,E](#F3){ref-type="fig"}). At 72 h the staining was indistinguishable between PBS and PHZ injected mice (data not shown).

Hpx Inhibits the C3 Activation in Plasma of Hemolytic Mice
----------------------------------------------------------

Intravascular hemolysis induced by PHZ was associated with C3 activation in the circulation, 72 h after injection. This was evident by the appearance of the α\' band on the WB, attesting for appearance of C3b ([Figure 3F](#F3){ref-type="fig"}). The cleavage was heterogeneous. In the PHZ group, among 9 tested plasma samples, the intensity of the α\' band was strong in 4; weaker but detectable in 4 and undetectable in 1. Very weak intensity of the α\' band was detected in 2/10 tested plasma samples of mice injected with 100 mg/kg Hpx ([Figure 3F](#F3){ref-type="fig"}) and for the remaining 8/10 it was undetectable. In all 8 tested plasma samples of mice injected with 500 mg/kg ([Figure 3F](#F3){ref-type="fig"}), the α\' band was absent.

Discussion {#s4}
==========

Here we show that during intravascular hemolysis injected Hpx is rapidly complexed with heme and cleared from the circulation, contrary to the context of non-hemolytic mice. The pharmacokinetic characteristics of Hpx were affected by the target-mediated drug disposition phenomenon. Nevertheless, even the lower dose of 100 mg/kg was sufficient to prevent the heme-mediated complement activation in the plasma and in the kidney.

The target mediated drug disposition is a phenomenon in which a drug binds with high affinity to its pharmacological target to such an extent that this affects its pharmacokinetic characteristics ([@B21]). The target binding and subsequent elimination of the drug-target complexes could affect both drug distribution and elimination and result in non-linearity of PK in a dose-dependent manner. Our results show formation of Hpx-heme complexes which are rapidly eliminated in the hemolytic mice. This can explain the rapid disappearing of the injected Hpx from the circulation of the PHZ-injected mice, contrary to the control animals. This results in an increase of the effective exposure time to the drug. The target mediated drug disposition and the effective exposure time to the drug, needed to achieve the biological effect are key parameters to be evaluated during the design of therapeutic pre-clinical protocols. Our results provide a rational about the selection of doses to be tested in future experiments.

Increased extracellular concentration of heme is an important driver of the disease state associated with hemolysis. In normal condition the excess of heme is complexed with Hpx and transported to the liver and detoxified. Interestingly, the amount of detected cell-free Hb decreased and the Hpx:heme complexes increased simultaneously when Hpx was injected. This suggests that heme may be taken out from oxidized forms of cell free Hb (MetHb or hemichromes) by Hpx, thus preventing heme to be present in the circulation.

The kidney is one of the most affected organs during intravascular hemolysis ([@B22]). In SCD a consumption of Hpx occurs, heme binds to alpha-1-microglobulin, is directed to the kidney and contributes to an acute kidney injury ([@B9]). Intravascular hemolysis induces intrarenal complement activation, contributing to the kidney injury ([@B20]). Our results show that this complement activation is an early event, detectable at 6 h post-hemolysis but disappearing at 72 h. Moreover, the pre-treatment with Hpx prevented the C3 fragments deposition at the early timepoint, complexing the excess of heme. Even though the concentration of injected Hpx decreased rapidly afterwards, new complement activation did not occur, suggesting that the majority of the cell-free heme was already scavenged. Moreover, new hemolysis did not occur in this model after the initial burst ([@B23]). The prevention of complement activation could be attributed to a direct effect of Hpx, preventing the access of heme to C3 ([@B19], [@B24]) and to an indirect, cytoprotective effect, especially on macrophages and endothelial cells ([@B10], [@B14], [@B19], [@B20], [@B24]--[@B27]). Glomerular endothelial cells are particularly vulnerable to heme-mediated complement activation in part because they are unable to overexpress HO-1 in hemolytic conditions ([@B23], [@B28]). Therefore, it is likely that Hpx protects glomerular endothelial cells from heme toxicity and they, in turn, do not express complement-activating phenotype. The inflammatory cytokines, released by heme-activated macrophages could also contribute to the endothelial activation and complement deposits, process which also will be indirectly prevented by Hpx. Interestingly, C3 cleavage in plasma was not detected at the early but at the late timepoint. Therefore, the intrarenal C3b/iC3b deposits and the plasma C3 cleavage are separated phenomena occurring consecutively. Although at 72 h there was no more heme release, the tissue injury persisted, as evidenced by the upregulation of the NGAL and HO-1. It is, therefore, tempting to speculate that cell debris released in the circulation from the injured tissues at later timepoints could serve as complement activators in the fluid phase. The cell/tissue protective effect of the heme scavenging even with the lower dose of 100 mg/kg at the early phase of the hemolytic process could explain the fact that Hpx-treated hemolytic mice had no fluid phase C3 cleavage even at a moment, when most of the injected Hpx was already eliminated.

The kidney injury marker NGAL was elevated in hemolytic conditions, which was not prevented by Hpx in agreement with previous studies ([@B23], [@B29]). This result suggests that other factors, such as released Hb and its different oxidation forms or covalently crosslinked Hb multimers or the oxidative stress, hallmarks of intravascular hemolysis ([@B30]--[@B33]) could be responsible for NGAL upregulation. HO-1 was also up-regulated, but independently of the presence of Hpx, as reported previously ([@B23], [@B29]) and contrary to mice with SCD, where Hpx resulted in further enhancement of the HO-1 expression ([@B11]). We hypothesized that in the previous studies the dose of injected Hpx was not high enough to downregulate NGAL and to further enhance the expression of HO-1. Nevertheless, this was not the case, since these makers remained unaltered in our model even at 500 mg/kg Hpx, dose at which Hpx remained in the circulation for the duration of the experiment. Therefore, Hpx could prevent some but not all adverse effects of the hemolytic conditions. Nevertheless, the creatinine and urea were decreased suggesting overall beneficial effect of Hpx on the hemolysis-induced kidney injury. Attention should be made, though, to not exceed the dose of 500 mg/kg for mice with hemolytic conditions. Even though this concentration is very well-tolerated by the control animals, some hemolytic mice showed signs of suffering at this dose.

Based on our data, administration of Hpx could be a possible approach to counteract heme driven toxicity under hemolytic conditions. Therefore, Hpx could potentially be applied as a human blood-derived product similar to other plasma proteins, such as albumin, α1-antitrypsin or immunoglobulins, which are well-established therapies ([@B34]). Hpx has already been tested in numerous animal models and showed beneficial effect in most of the tested parameters \[([@B10], [@B13], [@B14], [@B19], [@B20], [@B23], [@B29], [@B33], [@B35]--[@B41]); [Table 2](#T2){ref-type="table"}\].

###### 

Use of Hpx as a therapeutic molecule in different disease model.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Disease model**                                                                                      **Animals**                                     **Used to dose of Hpx**                                                       **Effect of Hpx**                                                                                                                                                **References**
  ------------------------------------------------------------------------------------------------------ ----------------------------------------------- ----------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------
  Rat liver model of cold storage and reperfusion and tested the potential anti-oxidant effects of Hpx   Rat Sprague-Dawley                              Reperfused with 5 μM Hpx                                                      Decreasing oxyradical production in a model of cold storage/reperfusion                                                                                          ([@B35])

  Implanted intracranially with 50,000 U87 glioma cells                                                  Nude and BALB/C mice                            Intra cerebral delivery to PEX (recombinant Hpx)\                             Local intracerebral delivery of endogenous inhibitors decreased of tumors growth                                                                                 ([@B36])
                                                                                                                                                         0.25--1 with minipumps mg/kg/day\                                                                                                                                                                                                              
                                                                                                                                                         (29 days)                                                                                                                                                                                                                                      

  Mesenchymal stem cells-PEX (hMSC-Hpx) injected adjacent to glioblastoma tumors                         Nude mice                                       No dose reported                                                              Mice treated with hMSC-PEX reduction tumor volume and weight measurements decrease 22 days                                                                       ([@B37])

  SCD and B-thalassemic model                                                                            HbS SCD mice and B-thalassemic mice             I.P. To 700 μg injection purified human Hpx                                   Hpx to treat vasculopathy in hemolytic disorders Decrease cardiac output, aortic valve peak pressure in different mice model                                     ([@B13])

  SCD mouse models                                                                                       NYDD and Townes SCD mice                        I.V. 0.4 or 1.6 μmol/kg                                                       Hemoglobin-induced vaso-occlusion was blocked by the heme-binding protein Hpx                                                                                    ([@B10])

  Hemorrhagic shock (HS) and resuscitated with either FRBCs or SRBCs                                     C57BL/6 mice                                    HS and resuscitated with FRBCs/SRBCs to simultaneous infusion of 7.5 mg Hpx   Increase the survival rate and reduced the early proinflammatory response after HS resuscitation with stored blood                                               ([@B29])

  Atherosclerosis                                                                                        Hpx and Hpx/ApoE KO mice                        I.P. human Hpx to HpxApoE KO during 24 h                                      hHpx significantly reduced serum heme levels\                                                                                                                    ([@B38])
                                                                                                                                                                                                                                       Increase in the expression of LXR-α and ABCA1 genes\                                                                                                             
                                                                                                                                                                                                                                       Reduction in expression of CCR-2, and a significant increase in expression of Arg-1                                                                              

  SCD model                                                                                              Townes SCD model                                I.P. human Hpx (4 mg)                                                         Administration of Hpx is beneficial to counteract heme-driven macrophage-mediated inflammation and its pathophysiologic consequences in sickle cell disease      ([@B14])

  Hpx KO and B-thalassemic model                                                                         C57BL/6 Hpx^−/−^ and Hbb^th3/+^ mice            160 mg/kg Hpx                                                                 Hpx rescued contraction defects of heme-treated cardiomyocytes and preserved cardiac function in hemolytic mice                                                  ([@B33])

  Spinal Cord Injury (SCI)                                                                               Hpx KO mice                                     I.P. 0.5--50 ng/mL Hpx                                                        Acute-phase plasma glycoprotein, in the regulation of microglia polarization Hpx in alleviating the secondary injury and improving functional repair after SCI   ([@B39])

  Intravascular hemolysis induced by PHZ and heme injection                                              C57BL/6 and C3^−/−^ mice                        I.P. injection of 40 μmol/kg of human Hpx 1 h before heme or PHZ injection    Decreased kidney complement deposition                                                                                                                           ([@B20])

  Intravascular hemolysis induced by PHZ and heme injection                                              C57BL/6 mice                                    I.P. injection of 40 μmol/kg of human Hpx 1 h before heme or PHZ injection    No effect on renal NGAL, Kim1, and HO-1 genes expression                                                                                                         ([@B23])

  Cerebral Ischemia reperfusion\                                                                         Rat Sprague-Dawley                              Insert beneath the dural surface to inject rat Hpx (10 μL, 1.86 g/L Hpx)      HPX can alleviate cognitive dysfunction after focal CIRI through HO-1 pathway and preventing the impairment of the blood-brain barrier in rats                   ([@B40])
  Injury (CIRI)                                                                                                                                                                                                                                                                                                                                                                                         

  SCD model                                                                                              Hpx KO and littermate\                                                                                                        Hpx deficiency promotes AKI development in SCD, and we provide proof-of-principle for Hpx replacement therapy to treat AKI in SCD                                ([@B41])
                                                                                                         SCD mice Hpx KO (SS Hpx^−/−^ and SS Hpx^+/+)^                                                                                                                                                                                                                                                  

  Intravascular hemolysis induced by PHZ and heme injection                                              C57BL/6, C3^−/−^, and TLR4^−/−^ mice            I.P. injection of 40 μmol/kg of human Hpx 1 h before heme or PHZ injection    Decreased NGAL gene expression, decreased liver complement deposition                                                                                            ([@B19])
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In conclusion, hemolysis-induced complement activation is prevented by injection of heme scavenger Hpx. These results encourage further studies of Hpx as a potential therapeutic agent in models of diseases with heme overload, such as SCD, transfusion reactions, etc., taking into account its pharmacokinetic properties.
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